Abstract: An important property of loess is a tendency to collapse on loading and wetting (hydroconsolidation) which can have serious consequences worldwide for civil engineering projects. This paper describes the use of Monte Carlo and other analytical techniques to predict the shape of naturally occurring loess particles. Randomly generated particles are classified according to Zingg shape categories: disc, sphere, blade and rod. By assuming a uniform distribution for the basic particle, average relative dimensions are calculated for the blade category, into which most loess particles have been shown to fall.
Introduction
Classical loess particles [1, 2] are the wind-borne product of comminuted quartz, having a mode size of approximately 30 μm. For loess to occur, there must be a source of particles [3] (usually a desert or sub-desert existing, or having once existed, nearby); a prevailing wind; a mechanism for deposition and sedimentation. Loess is found in most parts of the world, in particular Libya, China and central Asia. Smaller deposits occur in Europe, North America and New Zealand. An overview of its formation and geographical properties is given by Smalley [4] . In the right climatic conditions loess deposits give rise to a friable and fertile soil, often supporting high population densities. An important property of loess is a tendency to collapse on loading and wetting (hydroconsolidation) [5] which has serious consequences worldwide for civil en- * E-mail: johnhowart@aol.com gineering projects. In order to explain and predict such properties one needs to know the general shape of the basic particle, so that, for example, wet and dry packing densities can be derived. In 1993 Rogers and Smalley [6] proposed a model for the distribution of the linear dimensions of Loess particles. Using a modified Zingg [7] classification, they demonstrated using a Monte Carlo process that approximately 72% of particles could be expected to be tabular (blade shaped), 1% would be approximately spherical and the remaining 27% would be either disc or rod shaped. Their Monte Carlo method considered just 100 particles, a small number by today's standards. Consequently, the conclusions were subject to much statistical uncertainty. This paper will attempt to reproduce the earlier results, using a more extensive Monte Carlo process or, where possible, analytical processes.
If L 1 , L 2 and L 3 are the lengths of the sides of the hypothetical Zingg box [7] that encloses the particle, the 4 Zingg shape categories were:
In reality any 2 dimensions would hardly ever be exactly equal so, to be meaningful, the equalities and inequalities in the simplified definitions above must be subject to numerical tolerances. In [6] a "definable accuracy" of 10% on any length was employed. Here a parameter, r, will represent the maximum difference between any 2 dimensions if they are to be deemed equal. The total range of values for each linear dimension is scaled to lie in the range [0,1] and r will be a small proportion of this total range -typically 0.1 or 0.05 (not a percentage, but representable as a percentage by multiplying it by 100).
With r defined thus, the Zingg categories can be expressed more formally as follows: if the sides of the box, arranged in increasing order of size, are a b c,
• class IIIm a b -r , b c -r blade,
• class IVm a > b -r , b c -r rod.
With a class IIm particle (sphere) it is quite possible for c to exceed a by more than r (but not more than 2r), provided b is within r of both a and c. Apart from this, the definitions are intuitive. It can readily be seen that for any values whatsoever of a, b and c, one and only one of the 4 categories will apply.
Monte Carlo analysis
Choosing the value r = 0.05, a Monte Carlo process was run with n = 10 000 000 replications. In each replication 3 random numbers were generated from a uniform distribution over the interval [0, 1] . These 3 values were sorted into order and for each replication it was determined which of the 4 Zingg categories applied. The proportion of replications in each category was calculated and the result is shown in Table 1 . The processing took approximately 1 minute to run on a desktop PC with a Pentium Processor.
The numbers in parentheses in Table 1 are the calculated expected errors (based on a binomial distribution) on the proportions given. 
Analytical approach
Further consideration suggested the closed, analytical formula, Equation 1, for the proportion of blade shaped particles (although r is typically small, it must in any case be less than 0.5, otherwise class IIIm particles cannot exist). 
Similar formulae can be derived for P 2 (Equation 2), P 1 and P 4 (Equation 3).
For r = 0.05 and 0.1, the theoretical values are as shown in Table 2 , which for r = 0.05 concur with the values in Table 1 , consistent with the expected errors shown therein. It is also of interest to calculate the average dimensions for the class IIIm 
C 3 = average greatest dimension c = 1 − A 3 = 3 + 2r 4 .
(6) Up to this point, the dimensions a, b and c may be thought of as values drawn from an arbitrary cumulative probability distribution function -thus r could simply refer to a difference in cumulative probability. From here on, however, we will be dealing in actual dimensions, so the explicit assumption of a spatial probability distribution becomes necessary. The uniform distribution is the easiest and perhaps the most natural one. It does have the obvious limitation that the dimension cannot be greater than a preset value -unity, on this scale. However it should be borne in mind that sizes of 300 μm and greater constitute sand [5, 6] rather than loess, so this value would serve as an upper bound, albeit a very weak one, for loess dimension. In practice a stronger upper limit can be derived from the mode of 30 μm for loessic material furnished by [7] , taking the absolute maximum as, say, twice this. Further glacial comminution can grind the loess to a yet finer silt of mode size 3-5 μm [8] , which can also form sediments. This could suggest a bimodal distribution, which is beyond the scope of the present paper, but would be quite amenable to Monte Carlo analysis. An alternative, unbounded distribution could, of course, have been assumed for the linear dimension: the exponential distribution would arise naturally if the surfaces of a tabular particle were entirely formed by spatially independent weaknesses in the original crystal. Analysis of the size distribution of such particles could form the basis of future studies. With the assumption of a uniform distribution scaled in the range [0,1], Equations 4, 5 and 6 yield the results shown in Table 3 , for values for r of 0.05 and 0.1, as before. The figures in parentheses give the actual dimensions assuming a maximum size of 60 μm (twice the mode size of 30 μm). Either value of r generates average dimension ratios close to the integral values 8:5:2 postulated by Rogers and Smalley [6] , the value r = 0.1 exactly so. As pointed out by Smalley [3] blade-shaped particles of mode size 30 μm and relative dimensions in this ratio are likely to give rise to a soil of a very open structure, subject to precisely the hydroconsolidation properties mentioned earlier. The values tabulated in Table 3 have, as before, been verified using the Monte Carlo method. If a non-uniform probability distribution (eg normal or exponential) were to be assumed for the dimensions of the generating particle, the complexity of the integrals analogous to Equation 4 (and the symmetrical forms in Equations 5 and 6) increases dramatically. Hence the Monte Carlo approach would be the natural one to choose.
Summary
The analytical processes described give a distribution amongst the 4 Zingg shape categories that is practically identical to that of Rogers and Smalley [6] . The Monte Carlo process further supports this distribution, to within the statistical limits of the standard errors. Furthermore, when a uniform size distribution is assumed, the Zingg box shape of 8:5:2 is again suggested, with r = 0.1 (10%) giving the best possible agreement. Such a shape is especially susceptible to hydroconsolidation, with the implications alluded to earlier for civil engineering projects.
